Cell-wall invertase genes are spatially and temporally regulated in several plant species, including Daucus carota L., Lycopersicon esculentum L. and Solanum tuberosum L. However, few studies of cell-wall invertase genes of trees have been conducted, despite the importance of trees as a source of lignocellulosic biopolymers. We identified three putative cell-wall invertase genes in hybrid poplar (Populus alba L. × grandidentata Michx.) that showed higher homology to each other than to cell-wall invertases of other dicotyledonous species, with two of the genes (Pa×gINV2 and Pa×gINV3) appearing as a genomic tandem repeat. These genes are more similar to each other than to tandemly repeated cell-wall invertases of other plants, perhaps indicating parallel evolution of a duplication event with cell-wall invertases in dicotyledons. Spatial and temporal expression analyses throughout a complete annual cycle indicated that Pa×gINV1 and Pa×gINV2 are highly regulated in vegetative tissues during three distinct growth phases: early growth, dormancy and post-dormancy. Expression of the third gene (Pa×gINV3) appears to be tightly regulated and may represent a floral-specific cell-wall invertase. Of the two genes expressed in vegetative tissues, Pa×gINV1 appears to be exclusively involved in processes related to dormancy, whereas Pa×gINV2 appears to encode an enzyme involved in phloem unloading and in providing actively growing tissues, such as developing xylem, with the energy and carbon skeletons necessary for respiration and cell wall biosynthesis.
Introduction
Invertases (EC 3.2.1.26) represent a diverse family of sucrose-cleaving enzymes that has been divided into distinct subclasses based on three subcellular locations: the cytosol, the vacuole and the cell wall. Cytosolic invertases have neutral or alkaline pH optima, whereas the vacuolar and cell-wall invertases have lower pH optima, presumably to match their acidic subcellular environment (Tymowska-Lalanne and Kreis 1998a). Vacuolar and cell-wall invertases can be further differ-entiated based on the charge of the mature protein, with vacuolar and cell-wall invertases having acidic and basic isoelectric points, respectively (Tymowska-Lalanne and Kreis 1998a). Additionally, these two subclasses can be differentiated at the molecular level because both invertases share a conserved amino acid active-site motif (WECP/VD), with vacuolar invertases having a valine at the fourth residue in contrast to the proline residue that is common to cell-wall invertases Roitsch 1999, Maddison et al. 1999) .
Despite their differences, all plant invertases share the ability to hydrolyze sucrose irreversibly, a major transport sugar in terrestrial plants. Because of the key role of sucrose in fueling plant growth and metabolism, there has been considerable effort to elucidate the physiological roles of invertase enzymes. For example, it has been proposed that the cell-wall invertases play a fundamental role in creating and maintaining sink strength (Eschrich 1980) . This model describes the movement of sucrose from photosynthetic source tissue to heterotrophic sink tissue via the phloem, at which point, the disaccharide is released into the cell-wall space. Cell-wall invertase subsequently hydrolyzes the sucrose in the apoplasm releasing glucose and fructose, which are then transferred into the surrounding cells by hexose transporters. This catalytic breakdown of sucrose in the cell-wall space creates a concentration gradient, thereby maintaining the flow of sucrose from source to sink tissues (Eschrich 1980) . As a result of the critical role of cell-wall invertases in determining sink strength, they have been investigated in many commercial crop species where sink tissues are of central importance, including carrot (Daucus carota L.; Sturm and Chrispeels 1990 , Ramloch-Lorenz et al. 1993 , potato (Solanum tuberosum L.; Hedley et al. 1993 , Maddison et al. 1999 , maize (Zea mays L.; Miller and Chourey 1992 , Cheng et al. 1996 , 1999 , Xu et al. 1996 , Kim et al. 2000 , pea (Pisum sativum L.; Zhang et al. 1996) , tobacco (Nicotiana tabacum L.; Weil and Rausch 1994 , Greiner et al. 1995 , Goetz et al. 2001 , fava bean (Vicia faba L.; Weber et al. 1995) , tomato (Lycopersicon esculentum L.; Godt and Roitsch 1997 , Ohyama et al. 1998 , barley (Hordeum vulgare L.; Weschke et al. 2003) , sugar beet (Beta vulgaris L.; Godt and Roitsch 2006) , rice (Oryza sativa L.; Cho et al. 2005) and wheat (Triticum aestivum L.; Koonjul et al. 2005) . Additionally, cell-wall invertases have been extensively investigated in Arabidopsis thaliana L. Heynh. (Schwebel-Dugue et al. 1994 , Mercier and Gogarten 1995 , Tymowska-Lalanne and Kreis 1998b , Sherson et al. 2003 , Mitsuhashi et al. 2004 , De Coninck et al. 2005 and Chenopodium rubrum L. (Roitsch et al. 1995, Goetz and Roitsch 1999) . Collectively, these and other studies have led to several proposed roles for cell-wall invertases in addition to the classical phloem unloading hypothesis, including involvement in carbohydrate signaling, the wound response, pollen formation and regulation of osmotic potential during cell expansion (for reviews see Sturm 1999 , Koch 2004 , Roitsch and Gonzalez 2004 . However, despite the plethora of research on these enzymes, the identities and expression patterns of cell-wall invertases in tree species have been evaluated only recently (Bocock et al. 2008) . Cellulose and lignin, the two major constituents of wood, are the most abundant biopolymers on earth and consequently represent enormous carbon sinks. As such, the enzymes and overlying mechanisms that govern carbon allocation to sink tissues in tree species are of great interest.
The primary objectives of our study were to: (1) identify cell-wall invertase genes in hybrid poplar (Populus alba L. × grandidentata Michx.); (2) determine the spatial and temporal expression patterns of these genes in vegetative tissues; and (3) suggest roles for the respective enzymes in development.
Materials and methods

Gene isolation and sequence analysis
The 3′ end of Pa×gINV1 was amplified from hybrid poplar cDNA using the FirstChoice RLM RACE Kit (Ambion, Austin, TX) with a gene-specific primer (5′-CCTTTTGCTGGAT-TTGTTGATGT-3′) that was created using the homologous sequence from the Populus trichocarpa (Torr. & Gray) genome (Tuskan et al. 2006 ; genome.jgi-psf.org/Poptr1_1). The 5′ end of Pa×gINV1 was amplified from hybrid poplar genomic DNA with a forward primer located upstream of the predicted start codon (5′-CTTTTCAGACTCTAACAACAAC-3′) and a reverse primer located within the expected coding region (5′-C-CGTTGATCCAGTTCTTAGG-3′). The 5′ and 3′ amplicons were cloned into the pCR-Blunt II-TOPO vector (Invitrogen, Carlsbad, CA) and sequenced. The resulting sequence was used to create forward (5′-ATGGATAAGCTATTAGGGACG-G-3′) and reverse (5′-TTAGCTCTTTACAGGGACATTCA-3′) primers designed to amplify the coding region of Pa×gINV1 from hybrid poplar cDNA.
The 5′ end of Pa×gINV2 was amplified with a forward primer located upstream of the predicted coding sequence (5′-AGCTCTTTCGATATTATTCATTG-3′) and a reverse primer located in the coding sequence (5′-TATGGACTTGG-TTCACGTTCT-3′). The 3′ end of Pa×gINV2 was amplified with a forward primer in the coding sequence (5′-CCATCTC-ATCTAGGGTTTATCC-3′) and a reverse primer downstream of the predicted stop codon. The amplicons were cloned as above and the resulting sequences were used to design forward (5′-ATGATGGTTATGCCACACACTC-3′) and reverse (5′-T-CAACTCTTTATAGGAACATTCATG-3′) primers to amplify the coding region of Pa×gINV2 from hybrid poplar cDNA.
The entire genomic region of Pa×gINV3 including introns was amplified from hybrid poplar genomic DNA with a forward primer designed upstream of the predicted start codon (5′-AAGCACGTAAACTCTCATTCT-3′) and a reverse primer designed downstream of the predicted stop codon (5′-GATCT-AGGTTGTCTTAGTAAATAC-3′). The resulting amplicon was ligated into a cloning vector as above and sequenced using universal M13 forward and reverse primers along with three gene-specific forward primers (5′-GTTTTCAATGGCATGA-CATGAG-3′, 5′-TTCCGTGATCCGACCACTGC-3′, 5′-GC-TTGGTGGAATTTATTGTTAAC-3′) that were designed from the P. trichocarpa homolog. The coding region of Pa×gINV3 was deduced from the genomic sequence using the coding region of Pa×gINV2 as a guide.
Phylogenetic analysis
Complete and partial plant cell-wall invertase amino acid sequences derived from cDNA were obtained from GenBank and entered along with the predicted amino acid sequences of Pa×gINV1, Pa×gINV2 and Pa×gINV3 into a ClustalW program (http://align.genome.jp). The data output was represented as a dendrogram.
Plant growth and tissue collection
Hybrid poplar trees were propagated by tissue culture in GA-7 Magenta vessels (Sigma-Aldrich, St. Louis, MO) containing semi-solid WPM medium (McCown and Lloyd 1981) supplemented with 0.01 µM naphthalene acetic acid. Culture conditions included a temperature of 25°C and a 16-h photoperiod at a mean photosynthetic photon flux of 50 µmol m -2 s -1 . After 3 weeks of growth, about 50 plants were transferred to 4-l pots containing soil and grown in a greenhouse for 1 year (July 2006 to June 2007) at temperatures that tracked outdoor temperatures (Vancouver, British Columbia, Canada: 49°N, 123°W). Three trees were destructively harvested between 1200 and 1400 h at about 30-day intervals throughout the experiment. Tissues were separated and immediately frozen in liquid nitrogen then stored at -80°C until analyzed for Pa×gINV1 and Pa×gINV2 expression by RT-PCR.
RNA extraction and cDNA synthesis
Total RNA was extracted from about 1 g of ground hybrid poplar tissue by a method specific for tree species (Kolosova et al. 2004 ). The resulting RNA (10 µg) was treated with the Turbo DNA-free kit (Ambion, Austin, TX) to ensure removal of contaminating DNA. An aliquot (1 µg) of DNA-free RNA was used to generate cDNA with SuperScript II Reverse Transcriptase (Invitrogen) in a total volume of 12 µl.
Polymerase chain reaction (PCR)
Each PCR consisted of 2 mM dNTP, 10 pmol each of a forward and reverse primer, 2.5 U of Taq DNA polymerase with ThermoPol Buffer (New England Biolabs, Ipswich, MA) and 1 µl of cDNA in a total reaction volume of 20 µl. The Pa×gINV1 and Pa×gINV2 primer pairs were designed in regions having limited consensus between the two genes, and were as follows: Pa×gINV1F (5′-GGGACGGCTTTGTTAA-AGTTC-3′) and Pa×gINV1R (5′-TTCATGTCTTGTTGCA-CAGA-3′); and Pa×gINV2F (5′-TATGGGACAAAATGTG-AAA-3′) and Pa×gINV2R (5′-TGCTTATCTTTCTGAGGA-TC-3′). The PCR was performed using a PTC-100 thermocycler (MJ Research, Waltham, MA) under the following conditions: 95°C for 4 min followed by 35 cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 1 min. An aliquot (10 µl) of each PCR product was separated on a 2% agarose gel in TAE buffer. Gels were visualized with ethidium bromide in ultraviolet light, and images were captured with an AlphaImager 2200 (Alpha Innotech, San Leandro, CA).
Results
Gene isolation and sequence analysis
Three putative cell-wall invertase genes (Table 1) were identified from the fully sequenced P. trichocarpa genome (Tuskan et al. 2006 ) and associated online database (http://genome.jgipsf.org/Poptr1_1). The homologs of these genes from hybrid poplar were identified from genomic DNA, and their corresponding transcripts from cDNA were isolated. Two genes (Pa×gINV1 and Pa×gINV2) were readily detectable from cDNA corresponding to a variety of hybrid poplar tissues. These genes were subsequently cloned and their putative coding regions sequenced. The transcript of the third cell-wall invertase gene (Pa×gINV3) was not detectable in any vegetative tissues, or in male and female flower tissues. Therefore, the coding region of Pa×gINV3 was deduced by sequencing the entire genomic region of Pa×gINV3, aligning the resultant sequence with the coding region of Pa×gINV2 and removing the predicted intron regions in silico. The deduced amino acid sequences of the three putative cell-wall invertases were aligned to determine regions of consensus ( Figure 1 ). All three sequences had the predicted β-fructosidase (NDPN) and cellwall invertase active site (WECPD) amino acid motifs common to plant cell-wall invertases (Maddison et al. 1999 ). Additionally, the three genes had predicted isoelectric points in the expected neutral to basic pH range (Pa×gINV1, pH 8.62; Pa×gINV2, pH 8.98; and Pa×gINV3, pH 7.27).
Phylogenetic analysis
The deduced amino acid sequences of the three hybrid poplar cell-wall invertase genes, along with the cDNA-derived amino acid sequences of a number of other plant cell-wall invertases identified from GenBank, were subjected to ClustalW analysis. A clear dichotomy was apparent between monocotyledonous and dicotyledonous cell-wall invertases, and for the sake of brevity, only the dendrogram for the dicotyledonous species is shown ( Figure 2 ). As expected, members of the Solanaceae family (tobacco, tomato and potato) grouped together, including the close grouping of the tomato Lin5 and Lin7 genes (Godt and Roitsch 1997) with their respective homologs, invGE and invGF, from potato (Maddison et al. 1999 ). The carrot cell-wall invertases grouped together as an independent clade, as did the three hybrid poplar cell-wall invertase sequences. The amino acid sequence of the VfCWINV1 gene from Vicia faba (Weber et al. 1995 ) was shown to be the sequence most similar to those of the three hybrid poplar genes, and the cell-wall invertase gene from Carica papaya L. (AF420223; unpublished) had the highest similarity to the hybrid poplar genes when the same ClustalW analysis was performed using the corresponding nucleotide sequences (dendrogram not shown).
Spatial and temporal expression profiles during a complete year of growth
To investigate the expression patterns of the cell-wall invertase genes from hybrid poplar, we examined the spatial and temporal transcript abundance of Pa×gINV1 and Pa×gINV2 in a complement of vegetative tissues in hybrid poplar. Pa×gINV3 was not investigated in this way because expression of this gene was not detected in any of the vegetative tissues examined at various developmental periods.
Expression profile of Pa×gINV1 Expression of Pa×gINV1 was limited to the dormancy and post-dormancy stages of development ( Figure 3a) , and overall had the weakest expression of the two cell-wall specific genes examined. No transcript was detectable during the early stages of development from 30 to 120 days after transfer (DAT) to the greenhouse when the most rapid above-and belowground growth occurred. In December, after buds had developed, temperatures had dropped considerably and growth had ceased, Pa×gINV1 expression was most prevalent in the apex, young leaf, phloem and root tissues. Additionally, isolated periods of Pa×gINV1 expression were apparent during the dormant months (when there were no significant change in growth). For example, expression was detected in the fine roots in January, and the apex and buds in February (Figure 4 ). However, no transcript was detected during March and April (during bud break). In May, expression was again detectable in the apex, phloem and fine roots as temperatures increased and branch development initiated. When rapid growth resumed in June, the expression of Pa×gINV1 was weak and limited to the apex of the tree and leaves on the newly formed auxiliary branches ( Figure 5 ). No expression was detected in wood (xylem) or cambial tissue of the stem or branches at any stage of development. Expression profile of Pa×gINV2 Compared with Pa×gINV1, expression of Pa×gINV2 was strong (Figure 3b ), especially during the early stages of growth (60-120 DAT) when Pa×gINV1 expression was undetectable. Expression of Pa×gINV2 during the period of rapid growth was ubiquitous, with similar transcript abundance in all tissues examined.
There was a marked decrease in expression in December after bud set when temperatures decreased. Expression of Pa×gINV2 during December was similar to that of Pa×gINV1, except in the middle stem wood where Pa×gINV2 expression remained weak (Figure 3b ). Pa×gINV2 continued to be expressed weakly throughout the dormant months in all tissues examined until March when there was a significant spike in expression in the phloem, coinciding with bud break. This increased expression was similar to that observed in the buds in March and the emerging shoots in April (Figure 4 ). Pa×gINV2 expression generally increased in most tissues from April to June, with the highest expression being in the lower stem in June, when rapid growth in diameter occurred. From June, Pa×gINV2 expression in the branches ( Figure 5 ) was highest in the apical, petiole and leaf tissues, with weak expression in phloem and wood.
Discussion
Three cell-wall invertase genes exist in hybrid poplar
The recently sequenced Populus trichocarpa genome (Tuskan et al. 2006 ) has quickly become an invaluable tool for studying tree genetics and genomics. We used the online JGI database of the P. trichocarpa genome to expedite identification of three putative cell-wall invertases. The homologs for these genes were subsequently identified and sequenced from hybrid poplar (P. alba × grandidentata). The deduced amino acid sequences of Pa×gINV1, Pa×gINV2 and Pa×gINV3 possessed conserved β-fructosidase (NDPN) and cell-wall invertase (WECPD) motifs, providing strong evidence for the identification of these genes as cell-wall invertases Roitsch 1999, Maddison et al. 1999 ). In addition, the predicted isoelectric points of the deduced peptide sequences were in the neutral to basic pH range, which has been identified as a common characteristic of cell-wall invertases. Homologs of the three genes were recently identifed as cell-wall invertases in P. trichocarpa (PtCIN1, PtCIN2 and latter two genes appear to be more closely related to fructan exohydrolases, such as AtcwINV6, and were not examined further in our study. Caution was exercised because of the reclassification of putative cell-wall invertase genes (AtcwINV3 and AtcwINV6), containing NDPN and WECPD motifs, as fructan exohydrolases in Arabidopsis by De Coninck et al. (2005) . Furthermore, preliminary expression analysis of Pa×gINV1 and Pa×gINV2 cDNAs in Pichia pastoris (Guillierm.) Phaff indicates that the mature proteins can hydrolyze sucrose (data not shown). Collectively, along with the close sequence similarity between Pa×gINV2 and Pa×gINV3, we speculate that only three cell-wall invertases (Pa×gINV1, Pa×gINV2 and Pa×gINV3) exist in hybrid poplar.
The evolutionary relationship of cell-wall invertases
An amino-acid-sequence-derived dendrogram of several putative plant cell-wall invertases, including the three hybrid poplar genes described in our study, was created with ClustalW. There was a distinct separation of the cell-wall invertases representing monocotyledonous species (including rice, maize and barley) and those representing dicotyledonous species. Similar phylogenetic analyses have shown divisions between cell-wall invertases of the two broad plant classifications (Hirose et al. 2002 , Cho et al. 2005 , De Coninck et al. 2005 , Van Riet et al. 2006 ). Among dicotyledonous species, there is high homology among three members of the Solanaceae (tobacco, tomato and potato). This has been well documented in the case of cell-wall invertases invGE and invGF from potato and their respective tomato homologs, Lin5 and Lin7 (Godt and Roitsch 1997 , Maddison et al. 1999 . These homologs are similarly regulated. For example, invGE and Lin5 are expressed in both vegetative and reproductive tissues, whereas invGF and Lin7 are expressed exclusively in reproductive tissues Roitsch 1997, Maddison et al. 1999) . Additionally, these homolog pairs exist in a tandem repeat within their respective genomes, separated by 1.7 kb in potato (Maddison et al. 1999 ) and 1.5 kb in tomato . These phenomena can be explained in part by the close genetic relationship between tomato and potato (Tanksley et al. 1992 ). However, the tandem duplication of cell-wall invertase genes is not unique to Solanaceae. Analysis of the P. trichocarpa genome revealed that the Pa×gINV2 and Pa×gINV3 genes in poplar exist in a tandem repeat with a separation of 6.8 kb. However, Pa×gINV2 and Pa×gINV3 are more similar to each other than to the orthologous invGE/invGF and Lin5/Lin7 gene pairs (Figure 2 ). This may be evidence for parallel evolution of the tandem cell-wall invertases between the distantly related Solanaceae and Salicaceae, because the tandem duplication event appears to have occurred after the species diverged from the common ancestor. The possibility of parallel evolution of cell-wall invertases has been discussed previously (Fridman and Zamir 2003) when a similar trend was identified between cell-wall invertases of Arabidopsis and tomato, which are estimated to have diverged about 112 million years ago (Ku et al. 2000) . The phylogenetic tree that we constructed shows a species-specific grouping of cell-wall invertases in carrot as well. This further supports the suggestion of parallel evolution of cell-wall invertase gene duplication; however, direct evidence to support this suggestion would require information about the genomic organization of Inv*Dc2 and Inv*Dc3.
Pa×gINV1 expression is associated with dormancy in hybrid poplar
The use of a perennial dicotyledon in our study enabled the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com (Roitsch et al. 1995) ; Atbfruct2 (Mercier and Gogarten 1995) ; Inv*Dc2 and Inv*Dc3 ; VfCWINV1 and VfCWINV2 (Weber et al. 1995) ; CW1 (Greiner et al. 1995) ; bfruct1 (Zhang et al. 1996) ; invGE and invGF (Maddison et al. 1999 monitoring of cell-wall invertase gene expression throughout three distinct developmental stages: (1) early growth;
(2) dormancy; and (3) post-dormancy. The RT-PCR analyses revealed that Pa×gINV1 expression was undetectable during the early stages of growth, as defined by days post planting, and was first detected in a variety of tissues (apex, leaf, phloem, root and fine roots) in December when temperatures had decreased, most of the leaves had senesced and growth had effectively ceased. After a spike in Pa×gINV1 expression in December, transcript abundance decreased until expression became undetected at the end of dormancy in March. Similarly, no expression was detected after bud break in April. This period of undetectable Pa×gINV1 expression was followed by an increase in transcript abundance in the apex, phloem and fine roots in May when lateral branches and leaves were forming. The expression decreased again in June, and was limited to the apex of the tree and leaves on the newly formed branches. The lack of Pa×gINV1 expression both temporally and spatially during times of rapid early growth following transplantation (September to November) and bud break (March and April), in combination with the presence of transcripts in young source leaves, suggests that the enzyme encoded by Pa×gINV1 plays no part in sink-source metabolism. The lack of association with sink tissue is not novel; Sturm et al. (1995) have previously shown the absence of cell-wall invertase transcripts in developing tap roots of carrots. Alternative roles for cell-wall invertase have been suggested, including roles in the generation or maintenance, or both, of osmotic pressure and in regulating genes associated with cell-wall carbohydrate biosynthesis (for reviews see Sturm 1999 , Koch 2004 , Roitsch and Gonzalez 2004 .
Pa×gINV2 expression is associated with active growth of sink tissues in hybrid poplar
Expression profiling of Pa×gINV2 showed high transcript abundance in all tissues evaluated during the early stages of growth. This coincided with periods of rapid vertical and horizontal growth, suggesting that these developmental stages are reliant on the enzyme encoded by Pa×gINV2 to provide energy and carbon skeletons to the rapidly expanding tissues. The dramatic decrease in expression in December, when growth had effectively stopped, provides further evidence for 1064 CANAM, MAK AND MANSFIELD TREE PHYSIOLOGY VOLUME 28, 2008 the role of the enzyme coded by Pa×gINV2 in phloem unloading, as proposed by Eschrich (1980) , who hypothesized that cleavage of sucrose by cell-wall invertase in sink tissues creates a concentration gradient with the source tissues. This proposed role has been corroborated in subsequent studies with several plants species. For example, in Chenopodium rubrum L., temporal and spatial expression of a root-specific invertase (CIN1) was documented, implying that cell-wall invertase provides heterotrophic tissue with monomeric carbohydrates for respiration or carbon skeletons for polymer biosynthesis, or both (Roitsch et al. 1995) . Additionally, the expression of a cell-wall invertase gene in Arabidopsis, Atbfruct1, was shown to be highest during aeroponic conditions when root growth was stimulated (Tymowska-Lalanne and Kreis 1998b). Although Pa×gINV2 transcript abundance decreased markedly from December to March, coinciding with the period of dormancy, expression during this period was detectable in most tissues. At bud break, Pa×gINV2 transcripts increased noticeably in phloem and buds, likely reflecting the demand for carbon reserves by newly forming tissues, as demonstrated in Norway spruce (Egger et al. 1996) .
In June, a notable spike in Pa×gINV2 transcript abundance was evident in the lower xylem tissue, which was the most mature tissue evaluated. This represents stem tissue undergoing diameter growth and initiation of latewood formation in the xylem in the second year. An earlier study in Scots pine evaluating the transition between earlywood and latewood showed that the major sucrose-cleaving enzyme involved in mature xylem formation was cell-wall invertase, suggesting that the majority of carbohydrate required for growth in maturing xylem arrived by an apoplastic route (Uggla et al. 2001) . We therefore suggest that the enzyme coded by Pa×gINV2 has a major role in providing developing woody tissue with the energy and carbon skeletons required for rapid cellulose and lignin biosynthesis in hybrid poplar.
Pa×gINV3 expression is tightly regulated or nonexistent in hybrid poplar
Three cell-wall invertase genes were confirmed at the genomic level in hybrid poplar. Transcripts for two of these genes, Pa×gINV1 and Pa×gINV2, were subsequently identified in a variety of growing vegetative tissues of hybrid poplar. We detected no transcripts of the third gene, Pa×gINV3, at any time, in any of the tissues examined. Limited expression of cell-wall invertases has been reported previously. For example, the Arabidopsis Atbfruct2 gene was shown to be expressed exclusively in floral tissue (Tymowska-Lalanne and Kreis 1998b), and transcripts of the invGF/Lin7 gene group in Solanaceae were detected only in anthers and pollen of reproductive tissue Roitsch 1997, Maddison et al. 1999 ). These findings, along with the discovery of pollen-specific elements associated with the promoter of the downstream tandemly repeated cell-wall invertase in Arabidopsis, led to the hypothesis that floral-specific expression of the 3′ gene of tandemly arranged cell-wall invertase pairs is a common feature in plant species . Our data do not refute this hypothesis; however, Pa×gINV3 is located upstream of the vegeta-tively expressed Pa×gINV2 in P. trichocarpa, not downstream as predicted. Unfortunately, we were unable to investigate the expression of Pa×gINV3 in the reproductive tissue of hybrid poplar because the tissue-culture-derived trees had not reached the reproductive stage (7-10 years). However, a recent study by Bocock et al. (2008) showed that the homolog to Pa×gINV3 (PtCIN2) was weakly expressed solely in the catkin tissue of field-grown P. deltoides, lending support to the theory of limited floral-specific expression of Pa×gINV3.
Alternatively, Pa×gINV3 may represent a silent gene, although sequence analysis of this gene at the genomic level revealed no premature stop sequences or any other sequence abnormality that would infer improper post-transcriptional processing. The tomato cell-wall invertase gene (Lin8) was previously shown to have an undetectable transcript (Godt and Roitsch 1997) , although transcripts of this gene were later reported in root and leaf tissues in a separate experiment . Lin8 is located over 5 kb upstream in a tandem repeat with Lin6 , which was shown to be expressed in several sink tissues during active growth (Godt and Roitsch 1997) . These genomic and functional similarities show that the tandem duplication of Pa×gINV3/Pa×gINV2 closely resembles the Lin8/Lin6 tandem duplication in tomato, although this relationship may have no evolutionary basis.
In conclusion, we have identified three putative cell-wall invertase genes from hybrid poplar using the recently sequenced P. trichocarpa genome (Tuskan et al. 2006 ) as a guide. The hybrid poplar cell-wall invertase genes share more sequence homology to each other than to other plant cell-wall invertase genes, which lends support to the theory that cellwall invertase genes have evolved variable regulation and function independently in some species (Fridman and Zamir 2003) . Such varied regulation was evident in hybrid poplar because each cell-wall invertase gene we studied showed unique expression patterns both temporally and spatially. Pa×gINV1 expression appeared to be involved with processes related to dormancy, whereas Pa×gINV2 expression was correlated with actively growing tissues. We were unable to detect Pa×gINV3 expression in any of the tissues examined, suggesting that it is a floral-specific gene, as demonstrated in several other dicotyledonous species , Weber et al. 1995 , Godt and Roitsch 1997 , Tymowska-Lalanne and Kreis 1998b , Maddison et al. 1999 ), including P. deltoides (Bocock et al. 2008) .
